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Abstract
This study presents the effect of wood origin and heat treatment temperature
on the CO2 reactivity, nanostructure and carbon chemistry of chars prepared
at 800, 1200, and 1600◦C in slow pyrolysis reactors. The structure of charcoal
was characterized by transmission electron microscopy, Raman spectroscopy,
mercury intrusion porosimetry and N2 adsorption. The CO2 reactivity of char
was investigated by thermogravimetric analysis. Results showed that spruce
and oak chars have similar reactivity at all heat treatment temperatures.
The oak char prepared at 1600◦C contained long and flat graphene layers and
interplanar distance that is similar to graphite and thus, was more ordered
than the spruce char. The TEM analysis showed that charcoal had structural
characteristics of non-graphitizing carbon. Thus, increasing heat treatment
temperature increases the graphitization of char structure, leading to the
reactivity that is nearly similar to that of low reactive metallurgical coke.
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The wood origin, heat treatment temperature, nanostructure, differences in
porosity and pore size of char influenced the CO2 reactivity less than the
differences in CO2 concentrations.
Keywords: charcoal, high-temperature pyrolysis, CO2 reactivity,
non-graphitizing carbon, low heating rate
Nomenclature
A Relative area
Ai Pre-exponential factor (s
−1)
C Constant
Cfix Fixed carbon yield (wt.% on
dry basis)
D Diameter (m)
Ea Activation Energy (kJ mol
−1)
La Mean cristal size in a-direction
(Å)
R Gas constant (J mol−1 K−1)
T Temperature (K)
V Volume (m3)





SSA Specific surface area (m2 g−1)
Greek symbols
γ Surface tension (N m−1)
κ Heating rate (K s−1)
λ Wavenumber (cm−1)
ρ Density (kg m−3)









Ferroalloy production is energy-intensive, consuming large amounts of2
both electricity and coke. Coke is used in ferroalloy production to reduce3
metal oxides to the base metal. Development of cost-effective, renewable4
reductants is environmentally desirable because global ferroalloy production5
releases about 55 Mt of CO2 emissions annually [1]. Using carbon sources6
from renewable, plant-based materials has potential to replace fossil-based7
reducing agents and effectively reduce CO2 emissions. In recent years, much8
progress has been made on conversion of plant-based materials to carbona-9
ceous char materials; some of these materials may have potential as reduc-10
tants. However, metallurgical production continues to rely on fossil-based11
reductants due to limited knowledge of char properties and conditions re-12
quired to produce chars with acceptable reactivity, and high costs.13
Transportation of carbon reductants from Asia and South America cre-14
ates additional economic and environmental challenges and thus, alternative15
options in Norway can be resorted [2]. In Norway, vast forest resources cov-16
ering 12.8 million hectares with significant volumes of wood in the order of17
6-8 million m3 is harvested annually while wood growth increase by 25 mil-18
lion m3 annually. This suggests that biomass can be an abundant source of19
carbon reductants in ferroalloy production [3, 4]. Norway spruce, Scots pine20
and birch form 45 %, 30 % and 16 % of forestry in Norway respectively [5].21
There are different types of wood that can be converted into charcoal, of22
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which wood residuals, consisting of limbs, tops, and stems are especially23
promising candidates for the use as carbonaceous reductants in ferroalloy24
industries because of low cost and high abundance [6]. The most important25
properties of the carbonaceous reductant are high reactivity, high conver-26
sion and low levels of impurities (such as sulphur and phosphorus) [7]. Low27
ash content is important, as each additional percent of ash in carbonaceous28
reductant increases slag volume by about 10-15 kg t−1 of ferroalloy, thereby29
increasing the electric power required for smelting [8]. Different types of wood30
contain various amounts of mineral compounds depending on the growth con-31
ditions. In general, hardwood ash contains a greater amount of K and P and32
less Ca and Si than softwood ash [9]. There are notable differences in the33
same genus of softwood, but less variation among hardwood species [10, 11].34
The distribution of lignocellulosic compounds shows significant variations35
between wood fractions (e.g. root, stem, and branch) [12]. The amount of36
extractives is greater in bark than in stemwood, whereas needles are rich37
in lipophilic extractives, especially in waxes [13–15]. Wood branches and38
roots contain a greater amount of galactan, xylan and lignin compared to39
glucomannan rich stemwood [16]. The high reactivity of biocarbon-based re-40
ductant may be advantageous in some cases within the ferroalloy industries,41
however, the use of a reductant more reactive than metallurgical coke may in-42
crease maintenance costs due to the decreased electrical conductivity [17, 18].43
Therefore, reductant reactivity becomes a key variable that must be under-44
stood in potential replacements for metallurgical coke. Likewise, the effect45
of porosity and nanostructure in biocarbon-based reductants must also be46
considered. The increase in porosity of carbonaceous reductants increases47
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the reactivity and thus the porous plant-based materials are advantageous48
in ferroalloy industries [19, 20]. Charcoal porosity and pore size vary from49
40 to 50 % and from 20 to 30µm [21]. In particular, charcoal from hardwood50
species is less porous than charcoal from softwood leading to the lower re-51
activity at high temperature pyrolysis [22]. Low interplanar distances (close52
to that of graphite) and high periodicity lead to lower oxidation of carbon53
materials, while the more bent graphene layers might enhance the reactiv-54
ity [23, 24]. The graphitizing carbons are non-porous with relatively high55
densities, whereas non-graphitizing carbonaceous materials have low density56
due to the high microporosity [25]. The non-graphitizability of charcoal is57
related to its porous structure [26, 27]. The nanostructure of charcoal from58
pyrolysis at temperatures > 2500◦C is observed to be similar to natural59
graphite, whereas charcoal prepared at lower temperatures exhibits a struc-60
ture resembling glassy carbon [28, 29]. Treatment at temperatures greater61
than 1250◦C will be required to produce non-graphitizing carbons suitable62
as metallurgical coke. Despite the arguments in favor of high temperature63
charcoal, the majority of previous investigations have studied charcoals pro-64
duced at temperatures < 1000◦C [30–33].65
In summary, biocarbon-based materials have potential as environmen-66
tally benign replacements to fossil-based reductants, but knowledge of re-67
lationship between wood type, temperature and charcoal properties is lim-68
ited. Therefore, in this study, the impacts of heat treatment temperature69
(800-1600◦C), wood origin, porosity and nanostructure on the CO2 reactiv-70
ity were investigated in the slow pyrolysis reactor to simulate the conditions71
in industrial-scale coke production. The specific objectives of this study were72
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to: (1) develop structure-property relationships governing the CO2 reactivity73
of charcoal, and (2) determine the treatment conditions and wood composi-74
tion which decrease char reactivity to levels that are suitable for application75
in ferroalloy industries.76
2. Materials and methods77
Norway spruce and oak were chosen for the charcoal study. Fuel selection78
was based on the differences in ash composition and plant cell compounds79
(cellulose, hemicellulose, lignin, extractives). Norway spruce is low in ash and80
with lower potassium and calcium contents than oak, whereas oak is low in81
lignin content. Char samples were generated in the slow pyrolysis reactor at82
800 and 1200◦C. The char sample generated at 1200◦C was further heated to83
1600◦C in the high-temperature furnace. The charcoal samples were crushed84
to a fine powder in a mortar with a ceramic pestle. The char samples were85
investigated under CO2 gasification condition in a thermogravimetric ana-86
lyzer. Reactivities of activated charcoal, metallurgical coke, and spruce and87
oak char samples were compared using reaction rates calculated from the88
derived kinetic parameters. Mercury intrusion porosimetry, N2 adsorption,89
transmission electron microscopy (TEM) analysis and Raman spectroscopy90
were performed to characterize the effect of temperature and feedstock on91
the char carbon structure, surface properties and nanostructure.92
2.1. Carbon material characterization93
Norway spruce (Picea abies) and oak (Quercus petraea) from Dømmesmoen94
(Grimstad, Norway) were harvested in 2012 and 2016 respectively. The age95
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of the Norway spruce was ≈ 39 years, whereas the oak was ≈ 46 years. Both96
the Norway spruce and oak trees were chipped by a disc chipper to 5-20 mm97
and dried at 60◦C. Metallurgical coke and activated charcoal were provided98
by Norsk Koksverk A/S (Mo i Rana, Norway). Prior to characterization,99
biomass samples were divided into six equal fractions using a riffler. The100
biomass samples were comminuted to < 0.8 mm in a laboratory-scale mill101
POLYMIX PX-MFC 90 D (KINEMATICA, Switzerland).102
2.2. Slow pyrolysis reactor103
The charcoal samples were generated in the slow pyrolysis reactor, as104
shown in Figure 1. The reactor can be operated at temperatures up to 1350◦C105
and heating rates up to 20◦C min−1. The pyrolysis setup encloses a two-stage106
cooling system with a condensation collector and a pyrolysis gas sampling107
unit. The pyrolysis retort (inner diameter: 75 mm, height: 150 mm, wall108
thickness: 2 mm) is made of SiC material. The sample temperature was109
monitored by a thermocouple type S (max. 1600◦C). The connection pipes110
(inner diameter: 10 mm) between the retort and the condensation unit were111
made of quartz glass. The connection pipes were heated up to 350 ◦C by112
a heating tape HBQ (Hillesheim, Germany) and a temperature regulator113
MC1 (HORST GmbH, Germany) to minimize the condensation and thermal114
decomposition of tars. The volume flow of the N2 gas was measured by the115
flowmeter HFC-202 (Teledyne, USA). The reactor was continuously purged116
by nitrogen at a constant flow rate of 100 ml min−1. The temperature control117
system was based on the LabView software (Version 8.6). The sample mass118
of 60 g for each experiment was selected. The wood sample was distributed119
homogeneously in the reactor’s retort, pre-heated in nitrogen at 10◦C min−1120
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Figure 1: Slow pyrolysis reactor at University of Agder.
The dried wood was further heated at 10◦C min−1 up to 800 or 1200◦C122
and kept at the final temperature for about 1 h to ensure the complete con-123
version. After the heating program was finished, the furnace was turned off124
and the charcoal sample was cooled overnight in N2 (0.3 l min
−1). Samples125
were stored in sealed plastic containers.126
2.3. High-temperature furnace127
The charcoal samples were further treated in the high-temperature fur-128
nace LHTG 200-300/20-1G (Carbolite Gero, Germany). The furnace can129
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be operated at temperatures up to 1800◦C and at heating rates up to 20◦C130
min−1. Prior to each experiment, 5 g of the char sample was loaded into131
the A2O3 crucible (Almath Crucibles Ltd, UK) placed in the graphite retort132
middle. Prior to pyrolysis, the furnace was repeatedly evacuated and purged133
by argon. The char sample was heated at 10◦C min−1 up to 1600◦C and kept134
at that temperature for 2 h. The sample was cooled to room temperature at135
a heating rate of 20◦C min−1 and stored in sealed plastic containers.136
2.4. Char analysis137
Elemental analysis. The elemental analysis was performed on Analyser Series138
II (Perkin Elmer, USA). Acetanilide was used as a reference standard. The139
ash content was determined using a standard ash test at 550◦C, according to140
the procedure described in DIN EN 14775.141
Thermogravimetric analysis. The thermal decomposition of char samples was142
determined using an atmospheric thermogravimetric instrument STARe Sys-143
tem (Mettler Toledo, USA). The reactivity of char in 20 % or 100 % volume144
fraction CO2 (20 cm
3 min−1 of CO2 and 80 cm
3 min−1 of N2 or 100 cm
3 min−1145
of CO2 measured at 20
◦C and 101.3 kPa) was determined by loading 5 mg146
of sample in Al2O3 crucible. The char samples were firstly heated up to147
110◦C and kept for 30 min isothermally for drying. The dried samples were148
subsequently heated to 1100◦C at a constant heating rate of 10 ◦C min−1.149
The kinetic parameters of char samples were derived by the integral method150
presented by Coats and Redfern [34]. Through integral transformation and151















In equation 1, κ is the heating rate and R is the gas constant. A plot of153
ln(-ln(1-X) T−2) versus T−1 gives a straight line whose slope and intercept154
determine the values of the activation energy (Ea) and pre-exponential fac-155
tor (Ai). The reactivities of char samples were compared using reaction156
rates calculated from the derived kinetic parameters (Ai and Ea) at a fixed157
gasification temperature of 1000◦C.158
Raman spectroscopy. Raman spectroscopy was performed using an inVia Ra-159
man microscope (Renishaw, UK) operating with a 514 nm laser line at a160
power of 30 mW. The measurements were performed in static mode with a161
center at 1600 cm−1, resulting in a 960-2200 cm−1 spectral region. The laser162
power was set to 100 % in the software and roughly 30 % in the hardware163
by using a filter. 1 s exposure time was used in normal confocality mode.164
A 20x lens and 8-15µm step size (X and Y directions) was used for map-165
ping, to generate 100-200 spectra/image for each char sample. Cosmic rays166
were removed and the data was subjected to multivariate noise filtering using167
the WiRE chemometrics package version 3.0 (Renishaw, UK). Spectra were168
saved as text files and processed via the free, open-source MatLab script169
provided by the Vibrational Spectroscopy Core Facility at Ume̊a University170
(www.kbc.umu.se/english/visp/download-visp/). The following parameters171
were used for spectra pre-processing: asymmetrical least squares baseline cor-172
rection with lambda = 20000000 and p = 0.001 [35]; Savitzky-Golay smooth-173
ing with the first polynomial order and frame rate of 3 [36]. Spectra were174
total area normalized in the entire spectral range. The corrected spectra175
from each mapping were then averaged to create a final composite curve for176
the peak deconvolution. No spectral scaling was performed. Deconvolution177
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of the Raman spectra was conducted using the peak fit pro tool in the Orig-178
inPro software (OriginLab, USA) by combination of nine Gaussian-shaped179
bands (SL, S, DS, D, A1, A2, GG, GL, and D’) following Smith et al. [37].180
The mean crystal size in the a-direction (La) with the fitting constants C0 =181
-12.6 nm and C1 = 0.033, which are valid for the laser wavelength from 400182





N2 adsorption analysis. The specific surface area (SSA) of biomass chars was184
determined based on N2 adsorption at the boiling point (77 K). To prevent185
gas adsorption, the char samples were degassed under vacuum at 350◦C. The186
multipoint Brunauer-Emmett-Teller (BET) theory with seven points in the187
range of p/p0 from 0.06 to 0.3 was applied on the NOVA 2000e instrument188
(Quantachrome, Germany). BET equation was used to determine the specific189
surface area [39].190
Transmission electron microscopy. Prior to microscopy, char samples were191
kept at 350◦C for 6 h in a thermogravimetric instrument to reduce the amount192
of volatiles. Samples were ground in a mortar to ensure a homogeneous193
particle distribution, sonified in deionized water for 30 min, wet dispersed on194
a lacey carbon copper grid and dried at room temperature for 20 min. Char195
nanostructure was studied using a Jeol 2200fs operated at 200 keV, equipped196
with an Oxford Instruments X-Max SDD EDS detector. The curvature of a197






The length is a straight line that connects both ends of a graphene sheet.199
The fiber length is the contour or arc length, as shown in the supplemental200
material (Figure S-1). Both length and fiber length were estimated by Gatan201
Digital Micrograph software according to the method of Müller et al. [40].202
Portions of the image with visible graphene layers were magnified to a size of203
10 nm x 10 nm, and both length and fiber length were manually determined204
by the software ruler which draws a straight or contour line to connect both205
ends of a graphene sheet.206
Mercury intrusion porosimetry. The pore size distribution and porosity of207
char samples were determined by a Pascal mercury intrusion porosimeter208
system equipped with two instruments. Porosity in the ultramacro- and209
macropore regions was measured by Pascal 140 porosimeter (Micromeritics,210
Germany) at the low pressures (up to 400 kPa). The Pascal 440 porosimeter211
equipped with a dilatometer (Micromeritics, Germany) was used to deter-212
mine the pore size from 1.8 to 7500 nm at high pressures up to 400 MPa. To213
access the pores and voids within biomass particles, the samples were de-214
gassed at room temperature prior to the measurement. Prior to the porosity215
analysis, wood fractions were dried at 50◦C in an oven desiccator for 48 h.216
Pore volume and size. The pore sizes in the char were distinguished into three217
categories: micropores (1.8-80 nm), mesopores (80-500 nm) and macropores218
(0.5-58µm) [41, 42]. The pore volume can be derived from the quantity of219







In equation 4, Θ is assumed to be equal to 141◦ [44] and γ is equal to 0.48 N222
m−1 [41]. The median pore diameter (Dmd) is defined as the pore diameter at223
which 50 % of total intrusion was reached. The average pore diameter (Dpa)224










Helium pycnometry. The skeletal density is defined in accordance with DIN227





The calculation of skeletal density excludes the porosity within the particles229
and the interparticle voids. The skeletal density was determined using a230
helium pycnometer (POTOTEC GmbH, Germany) at room temperature.231
3. Results232
3.1. Biomass characterization233
The ultimate and proximate analysis of metallurgical coke, activated234
charcoal, and wood was carried out at Eurofins Lidköping and shown in235
Table 1.236
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Table 1: Proximate, ultimate and ash analyses of feedstocks.
Fuel Norway spruce Oak Activated charcoal Metallurgical coke
Proximate and ultimate analysis, (wt.% on dry basis)
Moisturea 8.6 7.6 3.8 0.6
Ash (550 ◦C) 0.8 1.6 8.6 11.8
Volatiles 80.6 82.6 10.3 3
Cfix 18.6 15.8 81.1 85.2
HHVb 20.3 19.3 30.5 27.9
LHVb 18.5 17.5 30.2 27.8
C 53.2 50.6 82.6 85.6
H 6.1 6.1 1.5 0.3
N 0.1 0.2 0.8 1.8
S 0.06 0.02 0.9 0.6
Cl 0.04 0.02 0.02 0.03
Ash compositional analysis, (mg kg−1 on dry basis)
Al 40 20 4500 12000
Ca 2300 3600 4900 6400
Fe 200 50 3700 6300
K 800 1500 1900 1700
Mg 250 300 850 1300
Na <50 <50 1100 1100
P 200 250 400 400
Si 550 550 31000 27000
Ti 50 50 200 550
a wt. % (as received)
b in MJ kg−1
The compositional analysis of biomass (cellulose, hemicellulose, acid-237
soluble lignin, acid-insoluble lignin, and extractives) was conducted according238
to NREL technical reports [45–47] and Thammasouk et al. [48], and shown239
in Table 2.240
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Table 2: Composition of Norway spruce and oak, calculated in percentage based
on dry basis (wt. %).





Norway spruce 37.8 25 27.9 0.7 7.8
Oak 36.7 18.7 19.4 2.5 11
3.2. Char reactivity241
Figure 2 shows differential weight loss curves (DTG) for the 20 % and242
100 % volume fraction CO2 gasification of char samples, metallurgical coke243
and activated charcoal. The relative importance of external diffusion on the244
overall char gasification in the TG experiments was evaluated by comparison245
of the observed maximal reaction rate (rmax, % min
−1) with the calculated246
diffusion rate (rdiff , % min
−1) of CO2 in the supplemental material (equation247
1). The calculated rmax/rdiff ratio showed that the gasification reaction in the248
TG analysis was influenced only by chemical kinetic limitations, as shown in249
the supplemental material (Table S-3). The DTG curves show both a single250
broad peak and a double peak in CO2 gasification, indicating a heterogeneous251
char mixture with respect to the composition. A double DTG peak indicates252
a combination of two constituents with different reactivity [49, 50]. The minor253
shoulder DTG peak at nearly the same temperature range from 810 to 825◦C254
was related to the reactivity of heavy hydrocarbon compounds [51]. The CO2255
gasification of most char samples and activated charcoal took place at nearly256
the same temperature range from 700 to 1200◦C, whereas metallurgical coke257
reacted at higher temperatures. The reactivities of char from spruce and oak258
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were nearly identical, confirming previous results of Trubetskaya [29].259




























2(a): Spruce char (20 % CO2 + 80 % N2)




























2(b): Spruce char (100 % CO2)




























2(c): Oak char (20 % CO2 + 80 % N2)




























2(d): Oak char (100 % CO2)
Figure 2: (a)-(d) DTG curves of metallurgical coke, activated charcoal, spruce and
oak chars prepared at 800, 1200, and 1600◦C and reacted in 20 % volume fraction
CO2 + 80 % volume fraction N2 and 100 % CO2.
The maximum reaction rate of oak char from pyrolysis at 1600◦C in 20 %260
CO2 gasification was about 100
◦C greater than char produced at 800◦C. The261
maximum reaction rate of oak char at 1600◦C in 100 % CO2 gasification was262
about 20◦C lower than that of oak char produced at 800◦C. The maximal263
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reaction rate of char samples reacted in 20 % or 100 % CO2 changed signifi-264
cantly, based on the kinetic parameters in the supplemental material (Tables265
S-1 and S-2). The increasing CO2 concentration led to the greater reactivity266
of both spruce and oak chars, confirming previous results of Cetin et al. [52].267
Increasing heat treatment temperature resulted in a greater shift of maxi-268
mum reaction rate from 50 ◦C at 800 ◦C to 70 ◦C at 1200 and 1600 ◦C. Inter-269
estingly, the reactivity of metallurgical coke in 20 % and 100 % CO2 remained270
only slightly changed. The results show that differences in heat treatment271
temperature and feedstock origin have less influence on char reactivity than272
the CO2 concentration, and will be discussed below.273
3.3. Elemental analysis274
Figure 3 shows a Van Krevelen plot of original Norway spruce and oak275
and their chars, activated charcoal, and metallurgical coke. The results in276
Figure 3 indicate that spruce char obtained from pyrolysis at 800 and 1200◦C277
contained more oxygen than oak char. The increased heat treatment tem-278
perature from 1200 to 1600◦C led to an increase in carbon content of both279
chars and thus the elemental composition of char samples was comparable280
to the composition of metallurgical coke. The activated charcoal contained281
more oxygen and hydrogen than chars obtained from pyrolysis at 1200◦C.282
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Figure 3: Van Krevelen plot of metallurgical coke, activated charcoal, Norway spruce and
oak chars prepared at 800, 1200, and 1600◦C.
3.4. Nanostructure283
The nanostructure of the spruce and oak chars generated at 800, 1200,284
and 1600◦C was studied by TEM, as shown in Figure 4. Both charcoal sam-285
ples exhibited a common structure of amorphous carbon at 800 and 1200◦C,286
whereas a mixture of amorphous carbon and nano-crystalline graphite was287
observed at 1600◦C. In addition, spruce char showed two types of amor-288
phous carbon structure at 1600◦C. The short graphene sheets of the spruce289
char merged, forming a continuous surface with a large number of crystal-290
lites, similar to the pyrolytic glassy carbon and lignin char, as shown in291
























4(c): Spruce char (1200◦C) 4(d): Oak char (1200◦C)
0.35 nm
5 nm
4(e): Spruce char (1600◦C)
0.33 nm
5 nm
4(f): Oak char (1600◦C)
Figure 4: TEM images of char generated from spruce and oak. In Figures (a)-(c),
(e) and (f) the distance between graphene layers, Al2O3, SiC and Si was measured
in the enlarged image (purple rectangle). In Figure (e) the areas of different carbon
types are marked with blue and yellow lines.
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Another type of amorphous carbon structure with more curved graphene293
layers was indicated on the spruce char surface and mixed with the nano-294
crystalline graphite. Figure 4(f) shows the nanostructure of oak char gener-295
ated at 1600◦C that mainly consists of nano-crystalline graphite with 22-26296
layers of straight graphene layers arranged in an interconnected ribbon-like297
geometry [55]. The oak char nanostructure was similar to that of the crys-298
talline carbon membrane [56]. The bent graphene layers of graphitized char299
contain carbon with hexagonal graphene layers [57] and a mean interpla-300
nar distance of 0.33 nm that indicates the highest degree of graphitization301
(graphite ≈ 0.335 nm) [58]. The spruce char generated at 1600◦C had a less302
ordered structure with the mean interplanar distance of 0.35 nm, as shown303
in Figure 4(e). The differences in the nanostructure of spruce and oak chars304
generated at 1600◦C suggest that the feedstock composition has an influence305
on the char properties in high-temperature pyrolysis. The additional struc-306
tures, detected by the TEM analysis of spruce and oak chars, were related to307
the presence of inorganic matter such as Al2O3 and Si [59, 60]. In addition,308
TEM analysis showed that all char samples contained a small amount of SiC309
particles from the reactor’s retort which could form the sp3 diamond-like310
carbon in high-temperature pyrolysis [61, 62].311
3.5. Porosity and pore size312
Table 3 summarizes the characteristics of spruce and oak chars gener-313
ated at 800, 1200, and 1600◦C with regards to porosity, pore size and specific314
surface area. The porosity by skeleton density of spruce and oak chars mea-315
sured by the mercury intrusion system was in the range from 70 to 78.8 %316
and from 61.5 to 47.2 %. Previous studies showed that the compositional317
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differences led to lower porosity and greater apparent density of Eucalyptus318
charcoal compared to Acacia charcoal [63]. In the present study, the increase319
in porosity of spruce char is caused by the progressive removal of volatiles320
from pores, and the physical and chemical condensation of the remaining321
skeletal char structure with increasing heat treatment temperature, confirm-322
ing previous results of Brewer at al. [32]. In contrast, the porosity of oak char323
samples decreased, probably due to the high alkali metal content in oak chars.324
The residual alkali metals (K+ and Ca2+) in oak char samples decreased the325
porosity to such extent that the active surface area was also decreased with326
increasing heat treatment temperature [64]. The greater alkali metal content327
in oak chars could also lead to the formation of charcoal with the different328
pore size and shape than during pyrolysis of low ash-containing spruce.329
Table 3 shows that both spruce and oak chars possessed a high ratio of330
macropores. The macroporosity of the oak char (93-95 %) was significantly331
greater than that of spruce char (57-60.3 %). The micro- and mesoporosity of332
the spruce char ranged from 4 to 6 %, whereas the oak char possessed greater333
proportion of micro- (23 %) and mesopores (16.7-20 %). The results also cor-334
respond to the greater total pore area of oak char samples (57.3-69.8 m2 g−1)335
than that of the spruce char (10.7-11.8 m2 g−1). In the present study, the336
formation of all pores in charcoal was a function of feedstock origin and less337
dependent on the heat treatment temperature respectively. The total pore338
area determined by mercury intrusion porosimetry was lower than that deter-339
mined by N2 adsorption because mercury porosimetry primarily determined340
macropores, whereas N2 adsorption measured micro- and mesopores [65, 66].341
The results showed that the SSA of spruce and oak char samples determined342
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by N2 adsorption decreased significantly from 196 and 495 m
2 g−1 to 3 and343
11 m2 g−1 with the increased heat treatment temperature, as reported by344
Hussein et al. [67].345
Table 3: Porosity and pore size of spruce and oak char, characterized by mercury
intrusion porosimeter and BET surface area (SSA) and pore size (DFT method)
of chars, determined by N2 adsorption m
2 g−1.
Parameter Spruce Oak Metallurgical Activated
800◦C 1200◦C 1600◦C 800◦C 1200◦C 1600◦C coke charcoal
Mercury intrusion porosimetry
Porosity by Hg intrusion, % 70 74.5 78.8 61.5 58.2 47.2 39.7 14
Porosity by skeleton density, % 78.5 81.4 79.5 68.5 60.5 65.5 47.8 33
Inaccessible porosity, % 8.8 7 0.6 7.1 2.2 18.2 8.1 20
Macropores, % 93 95 93 60.3 57 57 87 97
Mesopores, % 6 4 6 16.7 20 20 10 3
Micropores, % 1 1 1 23 23 23 3
Vcum, mm3 g−1 1917 2636.8 2788.5 1163 1065 1232 403 146
Total pore surface area, m2 g−1 11.4 11.8 10.7 57.3 69.8 65.3 5.9 0.2
Average pore diameter, µm 0.7 0.9 1 0.1 0.1 0.1 0.3 2.3
Median pore diameter, µm 6.9 7.7 6.9 1.1 0.9 0.9 16.2 21.8
N2 adsorption
BET surface area (SSA), m2 g−1 196 97.2 3 495 80 11 2.8 0.3
Pore size, nm 0.6 0.7 1.3 0.6 0.7 0.9 0.9 0.9
The reduction in the surface area was probably caused by the continuous346
growth of graphene sheets with the increasing heat treatment temperature,347
leading to the micropore coalescence [68]. The average pore size of the spruce348
and oak char samples varied from 0.7 to 2.3 nm using mercury intrusion349
porosimeter whereas the average pore size of both spruce and oak chars350
varied only slightly from 0.6 to 1.3 nm when N2 adsorption was used. This351
indicated no significant changes in all pore sizes. In addition, the pore size352
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and specific surface area of oak char prepared at 1600◦C were similar to the353
values reported for metallurgical coke (2.8 m2 g−1; 0.9 nm).354
3.6. Raman spectroscopy355
Raman spectroscopy was carried out to examine primary differences in356
the carbon structure of char samples. The calculated integrated peak area357
ratio (ASL/AGL) in Figure 5 and supplementary Table S-4 showed that the358
spruce char samples obtained a greater amount of carboxylates than the oak359
char, whereas the ASL/AGL ratio of oak char generated at 1600
◦C was the360
lowest (0.04) due to the low content of acetyl groups [69]. All char samples361
based on the AD/AGL ratios exhibited a common structure of amorphous362
carbon and nano-crystalline graphite, as discussed by Ferrari and Robert-363
son [70]. The pyrolysis at 800 and 1200◦C formed a less graphitic charcoal364
structure (AD/AGL : 2.3-2.5) than the pyrolysis at 1600
◦C (AD/AGL : 1.7-1.9),365
corresponding to previous results of Trubetskaya et al. [22]. The average ex-366
tensions of graphene stacks (La) from the Raman bands in spruce and oak367
chars generated at 800 and 1200◦C (1.7-1.9 nm) were less than those in the368
charcoal from pyrolysis at 1600◦C (2.3-2.6 nm). The size of one aromatic ring369
is 0.25 nm [71], and therefore, the size of PAHs in the char (800-1600◦C) is370
equivalent to approximately 7-10 aromatic rings. Moreover, the average ex-371
tension of graphene stacks (La) in all char samples was quantitatively similar372
to that of commercial carbon black (Printex XE2: 2.5 nm) and biomass soot373
(2.1-2.6 nm) and different from the graphite structure (5.6 nm) [72, 73].374
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5(a): Spruce char (800◦C) 5(b): Oak char (800◦C)
5(c): Spruce char (1200◦C) 5(d): Oak char (1200◦C)
5(e): Spruce char (1600◦C) 5(f): Oak char (1600◦C)
Figure 5: (a)-(f) Deconvolution of Raman spectrum of Norway spruce and oak chars
from pyrolysis at 800, 1200, and 1600◦C.
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4. Discussion375
The thermogravimetric experiments demonstrated larger influence of376
CO2 concentration on the intrinsic reactivity of char samples than the heat377
treatment temperature and feedstock origin. The reactivity of char can be378
affected by differences in carbon chemistry, ash composition, nanostructure,379
heat treatment temperature and surface area characteristics of char samples.380
Raman spectroscopy results showed that char samples from pyrolysis at 800,381
1200, and 1600◦C exhibited a structure resembling carbon black based on382
the AD/AGL ratios (1.7-2.6). The ash content of original spruce (0.8 wt. %)383
was twice lower than in the original oak. Thus, based on ash content alone384
it might be expected that spruce char should be less reactive than the oak385
char. However, the inorganic matter of both spruce and oak chars remained386
small, as shown in the supplemental material (Figure S-23). Knudsen et387
al. [74] experimentally showed that at high temperatures, KCl sublimation388
and potassium silicates reactions are dominant during devolatilization, de-389
pending on the availability of Si, Cl, Ca and Mg in the original fuel. The390
lower Cl content in the wood might indicate that potassium was released in391
the form of KOH or to a minor extent in the form of KCl [75]. The reactivities392
of spruce and oak chars remained similar at 800 and 1200◦C. This indicates393
that neither carbon structure nor ash composition had a strong influence on394
the observed differences in char reactivity.395
Previous studies on charcoal from pyrolysis at temperatures < 1000◦C396
showed that nanostructure and CO2 reactivity are interrelated considera-397
tions. In the present study, all charcoal samples exhibited shorter and less398
curved graphene layers and less recognizable crystalline structure, indicat-399
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ing either greater porosity or larger fraction of amorphous carbon than in400
coal chars [76]. This indicates that biomass chars consist of non-graphitizing401
carbons [77–79]. The results showed that the differences in nanostructure402
of spruce and oak char samples from pyrolysis at 1600◦C were large. The403
oak char nanostructure was similar to that of glassy carbon, as reported by404
Jenkins et al. [80]. The TEM analysis of oak char graphitic ribbons from405
pyrolysis at 1600◦C showed that the mean interplanar distance of graphene406
layers (0.33 nm) was similar to graphite (0.335 nm). The spruce char samples407
exhibited heterogeneous structure of amorphous carbon and nano-crystalline408
graphite corresponding to the double DTG peak in Figure 2. A double DTG409
peak in spruce char samples indicated the presence of a carbon constituent410
with similar reactivity to graphite and a more reactive carbon structure with411
similar reactivity to biomass soot samples [73]. The lower oxygen content in412
wood than that in herbaceous biomass inhibited the cross-linking and repoly-413
merization reactions and therefore enhanced the coalescence of crystallites,414
leading to the charcoal graphitization [81]. The oxygen-containing functional415
groups remaining in charcoal are located at the edges of aromatic layers416
which hinder the alignment of graphene layers during pyrolysis [79]. Thus,417
based on oxygen content alone it might be expected that charcoal from soft-418
wood pyrolysis is more graphitic than hardwood charcoal. However, the419
nanostructure of oak char from pyrolysis at 1600◦C was more graphitic than420
that of spruce char. This is due to the catalytic effect of alkali on the oak421
charcoal graphitization that is especially pronounced at high temperatures422
(1000-1600◦C) [82, 83]. Interestingly, the short graphene layers of spruce char423
could enhance the reactivity, whereas the straight and long graphene layers of424
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oak char are expected to decrease the char reactivity. However, the reactivity425
of spruce and oak chars were similar.426
The increased heat treatment temperatures led to greater char porosity427
in pyrolysis at temperatures 300-700◦C [32]. In the present study, the char428
porosity measured by mercury intrusion porosimetry varied among spruce429
and oak chars, but changed only slightly with the increased heat treatment430
temperature. Moreover, the spruce chars obtained less micro- and mesopores431
than the oak chars, indicating a strong influence of the feedstock origin on432
the char porosity. The specific surface area of spruce char prepared at 1600◦C433
was 9 times smaller than that of char from pyrolysis at 800◦C, whereas the434
spruce char prepared at 800◦C was 4 times more reactive than char from435
pyrolysis at 1600◦C in 20 % CO2 gasification. The oak char generated at436
800◦C was twice more reactive than char from pyrolysis at 1600◦C, whereas437
the specific surface area of char from 800◦C pyrolysis was 8 times greater than438
the SSA of char prepared at 1600◦C. This indicates that the heat treatment439
temperature has a small influence on the CO2 reactivity of charcoal samples440
determined by N2 adsorption.441
The oak and spruce chars prepared at 800◦C were 106 and 3 times more442
reactive respectively in 100 % CO2 atmosphere than the chars in 20 % CO2443
gasification, indicating a major influence of CO2 concentration on the char444
reactivity. The decrease in CO2 concentration leads to the decrease in max-445
imum reaction rate [84, 85]. In the present work, the linear correlation be-446
tween reaction rate and partial pressure could not be established based on447
the experimental results (Table S-4) and calculations in the supplemental448
material (equation 3). Moreover, as it was mentioned above, the gasification449
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reaction in the TG analysis was influenced only by chemical kinetic limita-450
tions. Thus, the CO2 concentration becomes the dominating factor govern-451
ing gasification reactivity. The metallurgical coke in 20 % CO2 gasification452
was 5 times less reactive than spruce and oak char samples from pyrolysis453
at 1600◦C. The reactivity of metallurgical coke remained unchanged with454
increasing CO2 concentration, whereas the reactivity of activated charcoal455
changed in a similar manner as the reactivity of spruce and oak chars from456
pyrolysis at 800◦C. This shows that the further increase in heat treatment457
temperature could increase the char graphitization, leading to the develop-458
ment of a structure that is more similar to low reactive metallurgical coke.459
5. Conclusion460
The novelty of this work relies on the fact that char from wood consists461
mainly of non-graphitizing carbon. The results indicated that both char462
samples from spruce and oak contained mostly nano-crystalline graphite at463
1600◦C. However, the oak char was significantly more graphitic than the464
spruce char at 1600◦C. At lower temperatures, both chars formed less ordered465
structure that is similar to amorphous carbon.466
The major difference in the char morphology was related to the forma-467
tion of a high ratio of micro- and mesopores in oak pyrolysis, whereas the468
spruce chars contained mainly macropores. The differences in micropore size469
of spruce and oak chars determined by N2 adsorption were small. In contrast,470
the average pore size of oak char was 10 times smaller than that of spruce471
char using mercury intrusion porosity. The pore size analysis showed that the472
N2 adsorption and mercury intrusion porosimetry methods are complemen-473
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tary for quantifying charcoal porosity characteristics at micro- to macropore474
scales.475
The thermogravimetric analysis results showed that the char reactivity476
towards CO2 depends mainly on the CO2 concentration and less on the heat477
treatment temperature, ash composition and carbon structure. The more478
graphitic structure of oak char from pyrolysis at 1600◦C with a smaller inter-479
planar distance, long and flat graphene layers showed a similar reactivity to480
the less ordered oak char. Both char samples were significantly more reactive481
in a 100 % CO2 atmosphere than in 20 % CO2 gasification emphasizing the482
role of CO2 concentration on the char reactivity. The charcoal from pyrolysis483
at 800◦C showed a similar reactivity to the activated charcoal, whereas the484
charcoal prepared at 1600◦C was more reactive than metallurgical coke. This485
work indicated that the increase in a heat treatment temperature will lead486
to the further deactivation of char with the structure that is similar to low487
reactive metallurgical coke.488
Acknowledgements489
The authors gratefully acknowledge financial support from Elkem AS,490
Saint Gobain Ceramic Materials AS, Eramet Norway AS, Kempe Founda-491
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